Introduction
Glioblastoma multiforme (GBM) belongs to the most frequent malignant glial brain tumours in adult hu mans. Despite the intensive multimodal treatment including surgery, followed by the combination of radio-and chemotherapy, the majority of patients die within 1 to 2 years of diagnosis due to tumour progression [27] .
In a small subpopulation of GBMs, areas with primi tive neuroectodermal tumour (PNET)-like differentiation occur (GBM-PNET, i.e. [19, 29, 37] ). PNET -an embryonic malignant, non-cerebellar neural neoplasm with medulloblastoma-like histology phenotypically recapitulates the primitive developmental stages of the central nervous system [27] . On a molecular level GBM-PNET generally shows c-MYC-gene amplification, and can reproduce PNET-like clinical behaviour, including cerebrospinal fluid dissemination and responsiveness to platinum-based chemotherapeutic regimens [37] . Recent clinicopathologic and genetic data suggest a stepwise development of GBM-PNET originating from an underlying high-grade glioma with secondary development of PNET-like foci [37] .
As many other solid tumours, malignant gliomas including GBM and GBM-PNET, contain a small population of cells with stem cell-like properties termed brain tumour stem-like cells (BTSC), which are presumably responsible for tumour initiation and relapse following therapy [9, 48] . These cells are characterized by karyotypic or genetic alterations, aberrant differentiation properties and demonstrate extensive in vitro or in vivo self-renewal in addition to the ability to generate non-tumorigenic end cells [9] . Interestingly, the concept of misregulated differentiation processes of putative stem-like cells might be an explanation for multi-lineage maturation within one tumour as is the case in GBM-PNETs, containing both astrocytic and neuronal progeny as well as imperfect neural or oligodendroglial differentiation to be found in GBMs [50] .
Despite extensive research over the last decade [26] the unequivocal identification of BTSC remains problematic. Parallel to functional assays, investigating biological properties attributed to the stem cell population including in vitro and in vivo tumour forming capacity as well as staining methods related to stemcell specific enzyme activity (side population [7] , aldehyde dehydroxylase activity -AldeFluor [4] ), several surface bound molecules have been proved to be enriched in this cell subpopulation. The most investigated and still regarded as the bona fide brain tumour stem cell marker is CD133 (PROM1) [3, 44] belonging to the pentaspan, transmembrane family of glycoproteins (for review see [31] ) and being expressed by numerous tissue-specific stem cells including neural stem cells [46] . Its role as a molecule enabling the prospective isolation of cells with stem-cell characteristics, such as the capacity to generate tumours in immunocompromised rodents [44] as well as being responsible for the resistance to radiation and chemotherapy [3, 20] from malignant brain tumours has recently been questioned with reports showing tumour initiating properties of CD133 -glioblastoma-derived cells [10, 21, 24] . Therefore, many other molecules have been investigated as potential ultimate or combinatory markers of brain tumour stem cells. These include CD15 (also called stage-specific embryonic antigen 1 present in many pluripotent stem cell populations including neu ral stem cells [39] as well as in paediatric brain tumours [40] .
In the current study, we analysed the expression of CD133/CD15 in GBM-PNET-derived neurospheres and could identify several cell populations with different in vitro tumour initiating properties and distinct regulation of stem cell-related gene expression, suggesting the existence of a hierarchy of stem cells in this particular malignant brain tumour type. These findings were somewhat different from those in GBM neurospheres derived from tumours, lacking a primitive neuroectodermal component, and may lead to the development of novel diagnostic approaches enabling the prospective identification and isolation of a putative stem-like cell population from malignant glial tumours with PNET-like foci, for clinical and research purposes.
Material and methods
E Es st ta ab bl li is sh hm me en nt t o of f p pr ri im ma ar ry y c ce el ll l c cu ul lt tu ur re e f fr ro om m a a t tu um mo ou ur r s sp pe ec ci im me en n All procedures described were approved by the local ethical committee of the Johns Hopkins Medical Institutions, Baltimore, USA in accordance with the local law. The GBM10 cell line was derived from a sample collected following surgical resection under institutional review board-approved protocols. The diagnosis of the malignant brain tumour has been confirmed by the neuropathological examination in accordance with WHO established guidelines.
This cell line has been propagated in free-floating culture system containing a significant proportion of CD133 + putative BTSC with clonogenic potential and CD133/CD15 defines distinct cell subpopulations with differential in vitro clonogenic activity and stem cell-related gene expression profile in in vitro propagated glioblastoma multiforme-derived cell line with a PNET-like component in vivo tumour growth following implantation into immunoincompetent rodent recipients as previously described [5] . In brief, the tumour tissue was dissected mechanically, using sterile scalpels, digested with TrypLE Express (Life Technologies) for 15 to 30 min at 37°C, to digest extracellular matrix, then centrifuged, resuspended in DNase (0.1%, GE Healthcare) and incubated for 2-3 min at 37°C. Afterwards, the tis sue was triturated to single cell suspension. Be fore cell plating the cell suspension was filtered through a 40 µm cell strainer to separate tissue remnants from the cells. Furthermore, established primary GBM-derived cell lines without PNET-compartment were tested. For the purpose of this report we present the data concerning the representative, well-characterized cell line HSR-GBM1 obtained courtesy of A. Vescovi, Stemgen S.p.A., Milan, Italy [4] .
C Ce el ll l c cu ul lt tu ur re e
The cells were cultured in suspension conditions as described previously [22, 28] in Dulbecco's modified Eagle's medium (DMEM)/F12 (3 : 1) medium supplemented with B27 (Life Technologies), 20 ng/ml bFGF, 20 ng/ml recombinant hEGF (both R&D Systems), penicillin/streptomycin (Life Technologies), and 5 µg/ml heparin (Sigma-Aldrich). The tumour spheres were passaged once every week, as described above, applying enzymatic and mechanic dissociation. Cell culture medium was refreshed twice per week to guarantee constant supply of required growth factors and nutrients.
F Fl lo ow w c cy yt to om me et tr ry y All antigen labelling steps were performed on ice. After harvesting and washing once with PBS, the cells were resuspended in an appropriate amount of 1 × PBS + 2% FCS + 0.1% NaN 3 Applying the same staining procedure, FACS-based cell separation was performed on a MoFlow system (Beckman Coulter). Upon antigen-labelling, as described before, the cell suspension was diluted in Accumax (Gibco) supplemented with 0.5% Ethylenediaminetetraacetic acid (EDTA) (0.5 M pH 8) to reduce re-aggregation of cells over prolonged time. The sorted popu lations were either used for clonogenic assays or gene expression analysis.
C Cl lo on no og ge en ni ic c a as ss sa ay y Upon cell separation, one single cell was deposited into each well of a 96-well plate, containing 200 µl cell culture medium (one plate per cell population). Microscopic examination of individual wells ensured single cell plating. After 4 weeks the wells were analyzed for the presence of spheres indicating clonal growth. Subsequently, second and third generations of spheres were generated. The wells from one plate, which contained a sphere that evolved from one cell, were pool ed, centrifuged and resuspended in 1 × PBS. The single cell suspension was then again sorted into a 96-well plate with one cell per well, using the viability of the cells as the sorting condition. Cell debris was excluded using a FSC vs. SSC gating. Importantly, to exclude doublets, triplets and small spheres, a FSC vs. pulse width as sessment was applied. The clonogenic assay was repeated in 3 independent repetitions. A fraction of cells of each population was preserved for qPCR analyses.
R RN NA A e ex xt tr ra ac ct ti io on n, , r re ev ve er rs se e t tr ra an ns sc cr ri ip pt ti io on n a an nd d r re ea al l--t ti im me eu ua an nt ti it ta at ti iv ve e P PC CR R Total RNA was isolated using the RNeasy Mini kit (Qiagen) according to the manufacturer's instructions. Total RNA extracts were photometrically quantified with Nanodrop2000c. Reverse transcription (rt) was performed according to manufacturer's protocol using the SuperScript® III Reverse Transcriptase kit (Invitrogen). Complementary-DNA (cDNA) was diluted to a 10 ng/µl working solution and stored at -20°C. The values were automatically determined by the supplied software of the MyiQ Real-Time PCR Detection System (Bio-Rad). For each approach the results were given as mean values ± standard deviation (SD). All experiments were done in triplicates.
To determine pathway activation levels we tested transcription of the components of stem cell-related signalling cascades. In detail, for WNT/β-catenin pathway we quantified important direct downstream target and member of β-catenin inactivation complex AXIN2 [22] . Furthermore, Jagged1 (JAG1) -an activating ligand of the NOTCH1-receptor -involved in the canonical NOTCH-activity [14, 42] , and the signalling transducer SMOOTHENED (SMO) as well as downstream-target GLI1 of the Hedgehog-network [11, 42] , were analyzed. We also included mRNA-expression quantification for YAP1, a key modulator of the recently described Hippo-Yap pathway [36] .
S St ta at ti is st ti ic ca al l a an na al ly ys si is s All graphs were generated using Sigma Blot; all clonogenicity-data shown are the mean of two independent experiments with error bars indicating the standard deviation (SD). The statistical significances for the clonogenic data were ascertained via Anova test using STATISTICA v5.1 (StatSoft Inc.). Wherever there was a significant main effect, a post-hoc test (NewmanKeuls test) was applied, **p ≤ 0.01.
For q-PCR results, means based on the CP valueraw data of three independent repetitions for each gene and condition were compared with Student t-test using Statview 5.0 (SAS Institute Inc, USA); error bars = SD, *p ≤ 0.05.
Results
C Cl li in ni ic ca al l a an nd d h hi is st to op pa at th ho ol lo og gi ic ca al l p pr re es se en nt ta at ti io on n (Fig. 1A, arrow) . The PNET-like component was comprised of tightly packed small to medium-sized cells in sheets with significant moulding and numerous mitotic figures (Fig. 1B) . Both necrosis and endothelial vascular proliferation were also present in the lesion.
Immunohistochemical analysis using GFAP confirmed glial differentiation in much of the tumour (Fig. 1C) , with strong expression of the neuronal marker synaptophysin in the PNET-like component (Fig. 1D ). BM M1 10 0) ) c ce el ll l l li in ne es s e ex xp pr re es ss s p pu ut ta at ti iv ve e B BT TS SC C c ce el ll l s su ur rf fa ac ce e m ma ar rk ke er rs s C CD D1 13 33 3 a an nd d C CD D1 15 5 Both tested cell lines express significant amounts of neural stem cell (NSC) and putative BTSC markers CD133 (25% for HSR-GBM1, 46% for GBM10) and CD15 (95% for HSR-GBM1, 66% for GBM10) after in vitro propagation in free floating conditions (for results of cell surface marker expression analysis see Fig. 2A ). To examine whether the CD15 is co-expressed with CD133, double staining was performed. This approach revealed the presence of well-defined double positive subpopulations (Fig. 2B) . Based on these data and on the findings of other groups [25, 44, 45] we investigated functional and genetic differences of the distinct cell populations based on their cell surface expression pattern. For further analyses we separated three subpopulation using FACS (gating is shown in Fig. 2C ). Besides cells negative for both markers (double negative population (--), gate R4), a population negative for CD133 and positive for CD15 (-+), gate R6, as well as a population positive for both surface markers (double positive population, (+ +), gate R5) were sorted and analyzed.
G GB BM M ( (H HS SR R--G GB BM M1 1) ) a an nd d G GB BM M--P PN NE ET T ( (G GB
C CD D1 13 33 3 + + / /C CD D1 15 5 + + a an nd d C CD D1 13 33 3 --/ /C CD D1 15 5 --c ce el ll ls s d di is sp pl la ay y h hi ig gh h c cl lo on no og ge en ni ic c p po ot te en nt ti ia al l i in n G GB BM M--P PN NE ET T n ne eu ur ro os sp ph he er re es s A cardinal property of BTSCs is the capability of self-renewal and extensive proliferation. These capacities can be demonstrated using in vitro clonogenic sphere formation assays starting from single cells. The sphere formation capacity of the three sorted populations (--, -+, + +) was investigated for three generations as described above. Macroscopic observation revealed that the neurospheres evolving from a single cell were heterogenic concerning their size and structure, in dependent of the sorted fraction (Fig. 3) . However, quantification of the spheres showed significant differences between examined separated subpopulations only in GBM-PNET-derived cell culture (Fig. 4A) but not in HSR-GBM1 (Fig. 4B) . The (-+) cells of GBM10 were characterized by significantly lower clonogenic capacity than (+ +) and (--) cells in all examined sphere generations. Interestingly, the double positive cell population with relatively low clonogenic potential in the first generation showed a remarkable increase of sphere F Fi ig g. . 2 2. . Cell surface marker expression of GBM10 (GBM-PNET) and HSR-GBM1 (GBM), mean values of three independent repetitions plus SD ( (A A) ). Coex pression of CD133 with CD15 revealed distinct subpopulations ( (B B) ). Gates set in the GBM10-FACS sorts: dot plot with CD15-FITC vs. CD133-PE: double negative, (--), gate R4; single positive, single negative, (-+), gate R6; double positive, (+ +), gate R5 ( (C C) ). CD133/CD15 defines distinct cell subpopulations with differential in vitro clonogenic activity and stem cell-related gene expression profile in in vitro propagated glioblastoma multiforme-derived cell line with a PNET-like component formation in the second and third generation (Fig. 4A) . In contrast, the sorted subpopulations derived from GBM cell line lacking PNET component (HSR-GBM1) showed no differences in clonogenic capacity throughout the whole experiment. These data demonstrate un equivocally that the sorted cells derived from GBM-PNET represent distinct subpopulations not only in terms of the surface antigen composition but also regarding their in vitro tumour formation capacity.
E Ex xp pr re es ss si io on n a an na al ly ys si is s o of f s st te em m c ce el ll l--r re el la at te ed d g ge en ne es s Afterwards, we determined the stem-like genotype of the sorted subpopulations using rt qPCR-based analysis of a panel of stem cell-related genes. Beside PROMININ1 (PROM1), encoding for CD133, we analyzed established neural stem cell markers MUSASHI1 (MSI1), NANOG, NESTIN, SOX2 and OLIG2. Glial differentiation was assessed by GFAP transcription levels (Fig. 5A) .
Analysis of PROM1 expression confirmed successful sorting (3.6 x increased in + +). Interestingly, in GBM-PNET cell line, CD133 -/CD15 + fraction showed significantly decreased transcription of stem cell-related genes as compared to CD133 + /CD15 + and CD133 -/CD15 -cell populations. Compared to (--) cells, the (-+) subgroup displayed about 65-75% expression for MSI1, SOX2, NANOG and about 40% expression for OLIG2. F Fi ig g. . 3 3. . Representative tumour spheres generated in the clonogenic assay after single cell plating. Size and structure are heterogeneous independent of the origin of the sorted cell population they were generated from both GBM-PNET and GBM. All 20× magnification, light microscopy. . Sphere formation capacity of three sorted cell populations (+ +, -+, --) of three generations (G1, G2, G3) for GBM-PNET line (GBM10) and GBM line (HSR-GBM1). For GBM10, significant increased clonogenicity in (+ +) and (--) compared to (-+) cell population, where (+ +) population increased tumour formation potential from G1 to G2/G3 ( (A A) ); In contrast, HSR-GBM1 did not show any significant differences in in vitro clonogenicity independent of generation and cell surface marker composition ( (B B) ); **p ≤ 0.01.
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In contrast, HSR-GBM1 subpopulations did not show strong transcription differences and especially (-+) cells displayed no significant reduction in stem cell-related mRNA levels (Fig. 5A , overexpression of PROM1 in (+ +) cells proofs successful FACS sorting).
A An na al ly ys si is s o of f s si ig gn na al ll li in ng g p pa at th hw wa ay y r re el la at te ed d g ge en ne es s Differential stem-cell signature and tumorigenicity often involves altered signalling pathways, important for stem-cell maintenance and proliferation.
There fore, we tested our sorted cell fractions for their individual pathway activation level. We analyzed the expression of established down-stream target genes for the WNT/β-catenin pathway (AXIN2 [22] ), Notchpathway (JAG1 [14, 42] , Hedgehog-pathway (GLI1, SMO [11, 42] , as well as the recently described Hippo pathway (YAP1 [36] ).
In the GBM10 cell line, the (+ +)-population was characterized by significant up-regulation of GLI1 and JAG1 as compared to the double negative population (Fig. 5B) . Interestingly, the analysis of all target gene . mRNA quantification of stem cell and signalling-pathway related genes in the three subpopulations for GBM-PNET cell line (GBM10) and GBM cell line (HSR-GBM1). GBM10(-+) population shows significant reduced stem cell gene expression compared to (--)-and (+ +) fraction. In contrast, HSR-GBM1 does not show any strong variations in the analyzed stem cell markers in any of the three subfractions (Strong PROM1 overexpression in (+ +) in both cell lines proofs successful sorting ( (A A) ). Interestingly, in case of PNET-GBM line poor stem cell transcription profile in (-+) overlaps with reduced mRNA levels of important downstream target genes for WNT/β-catenin, NOTCH-, Hedgehog-and Hippo-pathway. In contrast, for HSR-GBM1 NOTCH-and Hedgehog-activity increases from (--) to (-+) to (+ +) ( (B B) ). *p ≤ 0.05. transcripts showed significantly decreased pathway activity in the less clonogenic CD133 -/CD15 + -po pulation, with about 80% lower expression levels of YAP1 and SMO as well as 55% diminution of AXIN2 transcription as compared to CD133 -/CD15 -subpopulation.
In contrast, the (-+) and even more the (+ +) fraction of the GBM cell line (HSR-GBM1) displayed significant overexpression of transcripts belonging to the Hippo-and NOTCH-signalling cascades (Fig. 5B) .
Discussion
In this work we describe the isolation and characterization of distinct cell subpopulations from an in vitro propagated GBM-PNET based on the expression of defined cell surface markers. We used a combination of markers related to tumour stem cell phenotype including CD133 (PROMININ1), which has widely been accepted as a bona fide brain tumour stem cell marker with clinical prognostic value. Interestingly, recent immunohistological detection of CD133/Ki76 positive cells in atypical meningiomas suggests the significance of this marker also in the biology of other intracranial neoplasia [2] . Moreover, other stem cell-related markers such as CD15 -being expressed in several brain tumours [40, 49] and CD29 [18, 25] and Integrin alpha 6 -highly expressed in GBMs compared to non-neoplastic brain tissue [13, 16] -were investigated. By analyzing the presence of CD133 and CD15 antigens on the surface of the cells, we were able to distinguish three distinct subpopulations referred to as (--) (CD133/ CD15 -), (-+) (CD133 -/CD15 + ) and (+ +) (CD133 + /CD15 + ) cells as putative BTSC-immunophenotypes.
To test the cardinal feature of the tumour stem cell -the ability of clonal growth -we performed single cell in vitro clonogenicity formation assays over three generations. Interestingly, in GBM-PNET (GBM10), but not in a GBM cell line without PNET foci (HSR-GBM1), (+ +) and (--) subpopulations showed significantly increased numbers in sphere formation as compared to the (-+) fraction. To our surprise, in the first generation of the GBM-PNET cell line (low passage ≤ 15) after sorting, the (--) population was the most clonogenic and not, as expected, the cell fraction positive for all three enrichment markers. However, CD133 + / CD15 + cells increased their in vitro clonogenicity in the These findings correspond to tumour stem cell lineage hierarchy proposed by Chen et al. [10] . This model postulates the existence of three types of self-renewing tumour-initiating cells with diverse phenotypic characteristics in GBMs (Fig. 6) . Type I cells (CD133 -), which are able to give rise to aggressive tumours that consist both of CD133 + and CD133 -cells; the Type II cells which are positive for CD133 and generate rapidly growing, invasive grafts that comprise also a mixture of CD133 + and CD133 -cells and Type III cells (CD133 -) which form confined tumour masses growing slowly. In ad dition, the existence of a fourth more differentiated CD133 -cell population with non-tumorigenic properties and limited proliferation capacity under neurosphere conditions was proposed. According to the mo del, Type I, II, and III cells are lineally related and represent discrete stages of differentiation. Type I cells are the least and type III cells the most differentiated, whereas type II cells represent an intermediate stage.
Applying this model to our study, the double ne gative GBM-PNET cells correlate to the Type I cells since they show the highest clonogenicity and are negative for CD133 surface marker expression. Of note, testing the three subpopulations derived from in vitro cultures of a GBM cell line without a PNET-like component revealed no significant differences in their sphere formation capacity.
Furthermore, gene expression of GBM-PNET cell line revealed increased stem cell signature in (--)-po pulation going along with the proposed model of a CD133-negative BTCS fraction. Based on this concept, the double positive population would be then made up of Type II cells, since they are both clonogenic and positive for CD133 expression. The (-+)-population could be categorized as belonging to the fourth population with no self-renewal capacity since it is negative for CD133 and shows only minimal clonogenic potential. In concordance to these findings we observed an upregulation of stem cell related genes (PROM1, MSI1, NANOG, NESTIN and SOX2) in the populations that appeared to be more clonogenic (--, + +) and their lower transcription in less clonogenic fraction (-+).
In addition, the status of differentiation was assessed by analyzing lineage specific markers GFAP, encoding for the glial fibrillary acidic protein, a marker for astroglial lineage [41] and OLIG2 -a transcription factor that induces the differentiation of neural stem cells [1] . Altogether these data imply that for the GBM-PNET cell line CD133 -/CD15 + subpopulation fails to show stem-like cell properties, both at the functional and gene expression level. Moreover, our results show an upregulation of GFAP and OLIG2 in the (-+) as well as the (+ +)-population in GBM10. These differential transcription levels of GFAP and OLIG2 add to the proposed model of induced differentiation from (--) to (+ +) and (-+) cells. Interestingly, cell separation from classical GBM lines did not show significant increase of stem cell marker transcription in the tested subpo pulations.
Stem-like cell properties are regulated by important developmental signalling pathways including WNT/β-catenin [23, 34] , Sonic-Hedgehog (SHH) [8] , Notch [17] and Hippo [47] pathway. However, deregulation of these powerful networks implicated in numerous biological processes is a major source of cancerous malformations (i.e. [12, 30, 32, 43] ). To address potential pathway over-activation in the aggressive stem-like enriched cell fraction of tested cell lines, we determined the individual pathway activity by quantifying direct down-stream target gene expression of different signalling cascades. Again, in GBM-PNETderived cell line within the sorted (--) fraction, AXIN2 indicating the activation of canonical WNT/β-catenin pathway appeared to be significantly elevated as compared to the (+ +) and even more to the (-+) fraction. WNT/β-catenin activation has recently been reported by our group to be directly involved in regulating the BTSC phenotype and increasing GBM malignancy [22] . Interestingly, YAP1 -a marker for Hippo-pathway acti vation being reported to promote the growth of GBM cell lines in vitro and associated with aggressive molecular subsets of GBM [36] , showed a similar expression profile, with transcript decrease from (--) over (+ +) to (-+) cells. The CD133 -/CD15 + cell fraction showed additionally a significant reduction of JAG1 and GLI1 expression suggesting an inhibited NOTCH and SHH pathway activation pattern.
HSR-GBM1 shows a continual increase of transcription levels of JAG1 and YAP from (--) to (-+) to (+ +) indicating a possible relationship of NOTCH-and Hippopathway activation levels with putative BTSC-marker CD133/PROM1. Of note, these phenomena in classical in vitro propagated GBM cell lines have already been reported [14, 15, 36, 42] .
In conclusion, our study reports the identification of a tumour initiating cell population based on its cell surface expression pattern in a unique GBM-PNETderived cell culture. A combinatory code of CD133/CD15 enabled the separation of three different subclasses of cells with different genetic background regarding stem cell identity and signalling pathway activation. However, the genetic and functional data collected from classical GBM line failed to convincingly show these remarkable differences. Therefore, due to the complex heterogeneity of GBMs, it is unlikely that the expression of a single marker, like CD133, could be sufficient for unequivocal identification of BTSCs in all subgroups of GBMs, as previously suggested [6, 21, 35] .
Furthermore, current results demonstrate the existence of two different populations within GBM-PNETderived cell line negative for CD133 including highly aggressive, dedifferentiated and clonogenic active cells (--) as well as their better differentiated, less malignant counterpart (-+). It is likely that different subidentities of malignant gliomas, including gliosarcomas [27] , pro-neural, neural, classical or worst prognostic mesenchymal GBMs [33, 38] as well as GBM-PNET have different cell surface marker codes for identification of their individual tumour-initiating cell population(s). In summary, this work contributes to better understanding of the heterogeneity of in vitro propagated glioblastoma-derived cells focusing on tumours with PNET-like components, both regarding functional as well as molecular aspects potentially leading to improved diagnosis of stem-like cell population.
